Abstract Banded convective activity that occurred near the south coast of China on 30 January 2018 was investigated through convection-allowing simulations using a nonhydrostatic mesoscale model. The simulations capture reasonably well the observed characteristics of this event. The convective bands are found to be closely related to an episode of mesoscale gravity waves propagating northeastward with a wave speed of around 12 m/s and a primary wavelength of about~40-50 km. Further analyses and sensitivity experiments reveal that the environment provides a wave duct for these gravity waves, with a thick low-level stable layer below 850 hPa capped by a low-stability reflecting layer with a critical level. The strength and depth of the low-level stable layer determine the intrinsic phase speed and wavelength of the ducted gravity waves. In the sensitivity tests that the stable layer depth is reduced, the wave characteristics change according to what are predicted with the wave duct theory. The convective bands collocate and propagate in phase with the peak updraft regions of the gravity waves, suggesting strong interactions of convection and gravity waves, in which the ducted gravity waves can trigger and modulate convection, while latent heating from convection enhances the waves. In essence, both wave ducting and wave-convection interaction are jointly responsible for the banded convective activity.
Introduction
Gravity waves are ubiquitous phenomenon observed in the atmosphere with an extensive range of wavelengths, periods, and phase speeds (Nappo, 2002) . They are related to the disturbances in surface pressure, winds, and also convective activities (Koch et al., 1988; Ralph et al., 1993; Uccellini & Koch, 1987) . Previous studies have documented that gravity waves can be generated by mountains, shear instability, front/jets, and convection (e.g., Fritts & Alexander, 2003; Kruse & Smith, 2015; Lane, 2015; Li & Chen, 2017; Liu et al., 2018; Plougonven & Zhang 2015; Wang & Zhang, 2007; Wang et al., 2009 Wang et al., , 2018 Zhang, 2004; Zhang & Koch, 2000) . Gravity waves have many impacts on the atmosphere such as through distribution of free troposphere temperature in tropics and the circulation-convection interaction (Wang et al., 2013; Wang & Sobel, 2011) . Convection might exhibit wave features such as wavelike banded convection when convection is coupled with mesoscale gravity waves (Lane & Zhang, 2011; Raymond, 1987 ) that can sometimes persist in the low-level wave duct (Lindzen & Tung, 1976; Powers & Reed, 1993; Zhang et al., 2001) .
Gravity waves may impact the formation and development of convection (Adams-Selin & Johnson 2013; Lac et al., 2002; Schmidt & Cotton, 1990; Stobie et al., 1983; Su & Zhai, 2017; Uccellini & Koch, 1987; Wilson et al., 2018; Zhang et al., 2001 ) and the cloud environment (Lane & Reeder, 2001) . They can organize convection into wave trains (Liu & Moncrieff, 2004; Tulich & Mapes, 2008) . Uccellini (1975) suggested that gravity waves not only excite new convection but also enhance the existing convective elements along the wave path since gravity waves with a sufficiently large amplitude could lead to moist air condensation (Einaudi & Lalas, 1973) . Convection is also an important source of gravity waves (Alexander et al., 1995; Bosart & Cussen, 1973; Lin & Goff, 1988; Stephan et al., 2016) . Fovell et al. (2006) found that simulated gravity waves of both low and high frequencies are generated in response to latent heating of the parent storm and subsequently propagate away and ahead of the storm. Convection and gravity waves are known to couple and interact synergistically (Cram et al., 1992; Lane & Zhang, 2011; Miller & Sanders, 1980; Powers & Reed, 1993; Raymond, 1987; Ruppert & Bosart, 2014; Zhang et al., 2001 ) through a mechanism commonly referred to as "wave-CISK (convective instability of the second kind)."
The wave-CISK concept was originally proposed by Lindzen (1974) and Raymond (1975) in which gravity waves produce low-level convergence while the gravity waves may respond positively to the latent heating associated with the resulting convection. Koch et al. (1988) inherited the same terminology (wave-CISK) but stressed more the positive feedback process between gravity waves and convection: latent heating from convection generates and enhances gravity waves which in turn initiate and organize convection. The terminology "wave-CISK" has since evolved into a broader concept that describes the coupling between gravity waves and convection (Powers, 1997; Zhang et al., 2001 ).
Long-lived gravity waves can propagate horizontally in a wave duct (Eom, 1975; Nappo, 2002) . Lindzen and Tung (1976) conceptualized that the ducted gravity waves propagate in a low-level stable layer that is overlaid by a reflecting layer which has low stability and contains a critical level. Such an environment can support and maintain gravity waves near the surface for long duration without significant loss of energy (Zhang & Koch, 2000) . As the waves propagate through the critical level, the wave energy is extracted from the basic flow when the Richardson number is less than 1/4; otherwise, the wave energy will be absorbed at the critical level (Booker & Bretherton, 1967; Jones, 1968 ; Rosenthal & Lindzen, 1983). The wave ducting theory has been widely used to explain long-lived gravity wave events in observational studies (Bosart et al., 1998; Koch et al., 1988; Kusunoki et al., 2000; Ralph et al., 1993) and numerical simulations (Crook, 1988; Liu et al., 2018; Powers, 1997; Powers & Reed, 1993; Zhang et al., 2001 ).
Some studies suggested that the coexistence of wave-CISK (wave-convection interaction) and wave ducting Powers & Reed, 1993; Zhang et al., 2001) , or the "ducted wave-CISK," could explain the propagation and maintenance of wavelike convective bands associated with gravity waves. Localized convection traveling with gravity waves supplies energy and amplifies the waves, which can compensate the vertical propagation of wave energy in the nonperfect wave duct ).
On 30 January 2018, an episode of wavelike banded convective activity potentially associated with mesoscale gravity waves was observed through the operational radar's mosaic images over Guangdong Province in South China. These convective bands propagated horizontally for long distances and maintained a coherent wavelike structure for approximately 10 hr. The purpose of the present study is to explore the characteristics and potential dynamical mechanisms of the banded convection and the associated gravity waves during this event. We seek to answer the following interesting questions: (1) why did the wavelike pattern of convection persist for a long time? (2) What factors determine the phase speed and wavelength of the gravity waves, as well as the scales of the wavelike convective bands? (3) What is the role of convection in the development of gravity waves?
We will use both observational data and convective-permitting mesoscale simulations to investigate the main features and dynamics of the banded convective activity. In section 2, the episode of banded convective activity is introduced with respect to its evolution and relevant synoptic background. Section 3 describes the model configurations used and sensitivity experiments designed in this study. The comparison between model simulations and observation is also conducted in section 3. The potential mechanisms of wave ducting and wave-convection interaction are discussed in section 4. The results are summarized in section 5. Figure 1 shows the evolution of the radar composite reflectivity (mosaic) derived from the operational weather radar network in Guangdong Province (indicated by the black outline) during 0800-1800 UTC 30 January 2018. The northwest-southeast oriented banded convection was evident covering nearly the entire Guangdong Province and exhibited wave features, which lasted for nearly 10 hr. At around 1400 UTC (Figure 1d ), the wave signal became most significant. At least nine convective bands moved coherently northeastward. As shown in Figure 2 , the long-dimensional horizontal extent of individual convective bands varied from 100 to 300 km, while their horizontal spacing distance was around 50 km. To illustrate the detailed propagation and evolution of those convective bands, a distance-time Hovmöller diagram of radar composite reflectivity compositing along the wavefronts in the black box of Figure 2a is shown in Figure 3a . It clearly shows that the propagation speed of the convective bands was around 12 m/s. These convective bands exhibited characteristics of northeastward propagating mesoscale waves featuring a primary horizontal wavelength of around 50 km and a wave period of about 1 hr.
Case Overview
In order to show the synoptic background circulation and environment in this event, the National Centers for Environmental Prediction Final Operational Global Analysis data is analyzed as shown in Figure 4 , which presents weather variables at different levels at 1200 UTC 30 January 2018 when the banded convective activity was evident. A westerly jet at 500 hPa (exceeding 30 m/s) was located at latitude of around 25°N (Figure 4a) . A northeast-southwest oriented shear line at 850 hPa (indicated by a red line in Figure 4b ) existed near the north edge of Guangdong Province accompanied by a large gradient zone of equivalent potential temperature (Figure 4b ). The southerly (northeasterly) winds prevailed at 850 hPa (950 hPa) over Guangdong, and correspondingly, the vertical wind shear was evident at low levels (Figures 4b and 4c) . The atmosphere at 950 hPa was moist and saturated ( Figure 4c ). This event was affected by a cold front along the coast region, and the banded activity was located in the cold side ( Figure 4d ). Next, we will explore in detail the environment and possible mechanisms which support the banded convective activity using cloud-permitting numerical simulations.
Model Simulation

Model Configuration
For the sake of understanding the thermal and dynamical mechanisms of the banded convective activity, the Advanced Research Weather Research and Forecasting model (Skamarock et al., 2005) is utilized in the present study. Given the sensitivity to initial conditions and model resolution and physics (Zhang et al., 2003) , along with limited predictability at the mesoscales (Sun & Zhang, 2016) , it is often difficult for mesoscale models to precisely simulate gravity waves and their interaction with convection (Du & Chen, 2019; Zhang et al., 2003) . By conducting multiple experiments, the control run initialized at 1200 UTC 30 January 2018 is selected that can capture reasonably well the episode of banded convective activities. It is noted that the simulations' capability is highly sensitive to the initial conditions. Neither of simulations initiated at 0000 or 0600 UTC 30 January simulated the convective bands well, especially the orientations of the bands (not shown). The control run and other sensitivity simulations use a one-way nested grid setup with three domains (D01, D02, and D03; Figure 5 ), of which the horizontal grid spacing are 9, 3, and 1 km, respectively. The horizontal resolution of the inner domain (1 km) is sufficient to revolve the gravity waves with horizontal wavelengths of~20-50 km in this case. The vertical grid contains 51 levels with the model top of 50 hPa where the absorbing layer of gravity waves is used. The Final analysis is used as the initial and lateral boundary conditions in the simulations. The Kain-Fritsch convection parameterization (Kain, 2004) is applied in the 9-km mesh outer domain but not applied in the inner domains (D02 and D03). The other physical parameterizations used include the Yonsei University boundary layer scheme (Hong et al., 2006) , the Thompson microphysics scheme (Thompson et al., 2008) , the Rapid Radiative Transfer Model for General Circulation Model long-wave and short-wave radiation scheme, the revised MM5 MoninObukhov surface-layer scheme (Jiménez et al., 2012) , and the unified Noah land-surface-model scheme (Livneh et al., 2011) .
Several sensitivity experiments are conducted (Table 1) to further examine and explore the relevant mechanisms proposed in the present study. The topography is raised by 500 m over the land in TER-A run, while the surface over the land and ocean are both elevated by 500 m in TER-B run. Owing to the changes of terrain heights in the TER-A and TER-B, the depth of the low-level stable layer is reduced accordingly. The two TER runs are analyzed to explain the effect of wave ducting as discussed in section 4.2. The objective of the two FakeDry runs is to reveal the role of convection on gravity waves and their interactions that will be discussed in section 4.3. In the FakeDry-A run, the latent heating is turned off from the beginning (1200 UTC), whereas in the FakeDry-B run the latent heating is turned off from 1800 UTC when the banded convection has already generated. The configurations of those sensitivity experiments are summarized in Table 1 .
Evaluation of the Control Simulation
Comparing with the observation (Figure 1 ), the wavelike convective bands with respect to their spacing distance and propagation direction are captured reasonably well in the control run as shown in Figure 6 , although the occurrence of the simulated wave pattern is delayed by a few hours and its location tends to be more to the south (ocean side). The exact reasons for such a bias are beyond the scope of this study, which may be due to the deficiency in the initial conditions used and/or imperfect model physics. Similar to the observation (Figure 1 ), the simulated convective bands orient northwest-to-southeast, move northeastward coherently, and persist for a long time (9 hr; Figure 6 ). The distance-time Hovömller diagrams of the observed and simulated radar reflectivity are further compared in Figure 3 . The simulation also exhibits a significant wave pattern with a similar horizontal wavelength (~40-50 km) and wave speed (~12 m/s) as the observation (Figure 3) . However, the simulated convective bands tend to be stronger, and their primary horizontal spacing distance (around~40 km) is somewhat smaller than the observation (~50 km).
Next, the environments in the observations and simulations are compared using soundings (Figure 7) . The observed and simulated vertical thermal profiles at 1200 UTC 30 January 2018 are quite similar (Figures 7b  and 7c ). In terms of moisture conditions, the atmosphere below 600 hPa is nearly saturated, but the layer above 600 hPa is quite dry. The low-level layer below 850 hPa is stable except for near the surface. The low-level stable layer is capped by a nearly neutral (moist stability) layer within 850-600 hPa. Besides the low-level stable layer, a stable layer exists aloft between 600 and 500 hPa. Such a vertical thermal pattern persists in the simulation until at least 1800 UTC 30 January (Figure 7d ). The depths of the low-level stable layer 
Results
Banded Convection and Gravity Waves
To further illustrate the vertical structure of the convective bands and associated wave features, vertical cross sections of cloud water mixing ratio and vertical velocity along the direction of wave propagation and composited along the wavefront in red box A of Figure 6d are shown in Figure 8 . There are three moderately deep convective bands extending to the 600-hPa level, whose spacing distance is around 40 km. These moderately deep convective bands correspond to the strong upward motions with a maximum at around 700 hPa. Meanwhile, the vertical motion is relatively small or even downward between the convective bands. From their evolution (Figure 8 ), these convective bands move from the left to the Two-dimensional (frequency-wave number) spectrum of the 4-km cloud mixing ratio is analyzed using a method similar to Wheeler and Kiladis (1999) as shown in Figure 9a in order to better quantify its temporal and spatial characteristics. Two overlapping 8-hr time intervals (0-8 and 4-12 hr) with 10-min time resolution are used for calculation. To highlight the spectrum peaks, the raw power spectrum is divided by the smoothed field following Wheeler and Kiladis (1999) and Lane and Zhang (2011) . In Figure 9a , there are two notable sets of peaks in the frequency-wave number space. The primary peak occurs at the horizontal wavelength of~40 km and at the period of~50 min, whereas the secondary peak occurs at the horizontal wavelength of~20 km and at the period of~30 min. The line following the peaks indicates the phase speed of ω k ≈11:5 m=s, which is roughly in agreement with the moving speed of the convective bands calculated previously in Figure 8 . The primary peak represents the deeper convective bands with a larger wavelength and a longer period, while the secondary peak might be related to the shallower convection with a smaller wavelength and a shorter period. We also found two similar spectral peaks in the frequency-wave number space of the observed radar composite reflectivity (not shown). The observed primary peak occurs at the horizontal wavelength of~50 km that is slightly larger than the simulated one (~40 km), while the secondary peaks in the observation and simulation are similar. The horizontal distributions of surface pressure perturbation, vertical motion, and potential temperature at 900 hPa are shown in Figure 10 to illustrate the polarization relationship of those variables in the waves. The surface pressure perturbation is calculated by the deviation of current surface pressure (1900 UTC) and surface pressure at 1300 UTC. It clearly shows that the maximum of upward motion is located to the downstream (upstream) side of the largest surface pressure perturbation (potential temperature). Such fluctuations in the low troposphere (the polarization relation) correspond well to the basic gravity wave features (Eom, 1975) . Based on the dispersion relation in the power spectrum diagram and the polarization relation described above, these waves are consistent with (and thus regarded here as) gravity waves that are coupled with convection.
Wave Ducting
Since the banded convective activity and the associated gravity waves persisted for nearly 10 hr, a wave duct might exist that could prohibit the energy of the gravity wave propagation upward and keep gravity waves propagating horizontally in the duct. In this section, we examine if the environment in this case could provide a wave duct of the simulated gravity waves. Figure 11a shows a wave-parallel vertical cross section of equivalent potential temperature and winds at 1900 UTC when the banded convective activity is evident. The vertical gradient of the equivalent potential temperature is quite large at low levels (850-1,000 hPa) but fairly small at middle levels (850-500 hPa). The fluctuations in equivalent potential temperature at around 650 hPa are nearly in phase with those of cloud water mixing ratio. In addition, the wind in the wave propagation direction is negative at low levels and positive at middle levels, which indicates the strong wind shear at low levels.
The vertical distribution of moist static stability (or moist BruntVäisälä frequency N m ) is shown in Figures 11b and 12a . N m for the unsaturated air can be obtained as follows:
where θ v = θ × (1 + 0.61q) is the virtual potential temperature and q is the water vapor mixing ratio. Since the low-level atmosphere is saturated, the Brunt-Väisälä frequency should be replaced by a saturated version following Durran and Klemp (1982) as below:
where T and θ are the sensible and potential temperatures of the atmosphere, g is the gravitational acceleration, q s is the saturation mixing ratio, q w is the total water mixing ratio, L is the latent heat of vaporization, R is the ideal gas constant for dry air, ϵ ¼ R Rv , R v is the gas constant for water vapor, and c p is the heat capacities of dry air. 
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As shown in Figures 11b and 12a, N Lindzen and Tung (1976) , the environment is conducive for a typical wave duct setting, but other critical factors need to be further examined, such as the existence of a steering level and the small values of the Richardson number.
The steering level, which refers to a level where the ground-relative phase speed of wave (11.5 m/s in Figure 9a ) equals to the background wind speed in the wave propagation direction (U), is at around 750-hPa level (2,500 m; Figures 11b and 12b ) in the present case. Figure 11b shows the local gradient Richardson number
less than 1/4 occurs within the 850-700-hPa layer. The small-Ri layer and the critical level are both embedded in the middle-level less stable layer. Therefore, the less stable sheared layer, with Ri < 1/4 and a critical level imbedded, is an overreflection region of gravity waves based on the wave ducting model in Lindzen and Tung (1976) .
The intrinsic ducted wave speed is given as
where n indicates different vertical wave modes and D is the depth of the low-level stable layer. In the primary mode (n = 0), the intrinsic wave phase speed is calculated to be 15.2 m/s, given D is 1.5 km (a stable layer with moist static stability greater than 0.012 s −1 ) and the averaged N m in the stable layer is 0.016 s −1 (Figure 12a ).
Considering the mean background wind in the wave-parallel direction in the stable layer is~−3 m/s (Figure 12b ), the calculated ground-relative wave phase speed is 12.2 m/s, which is in close agreement with the simulated ground-relative wave phase speed of around 11.5 m/s (Figure 9a ).
The vertical wavelength of the gravity wave λ z that is related to the stable-layer depth as follow
is 6 km (Lindzen & Tung, 1976; Zhang et al., 2001; Zhang & Koch, 2000) . The dispersion relationship of a two-dimensional gravity wave with a background wind is
where m and k are the vertical and horizontal wave numbers. When k ≪ m, the dispersion relationship can be further expressed as 
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where λ x = 2π/k is the horizontal wavelength, λ z = 2π/m is the vertical wavelength, and T = 2π/ω is the wave period. Given the primary and secondary wave periods are 50 and 30 min (Figure 9a ), the calculated primary and secondary λ x are 36.6 and 22 km, which also compare well with the simulated horizontal wavelengths of 40 and 20 km, respectively. The primary and secondary wave periods might be 
Journal of Geophysical Research: Atmospheres related to the life cycles of moderately deep convection and shallower convection, respectively, which will be discussed in the next subsection.
Two sensitivity experiments (TER-A and TER-B) with respect to the change of the stable layer depth are designed and conducted to further examine the important role of wave ducting in the generation and maintenance of the gravity waves. With raised terrain heights in the sensitivity experiments, the depth of the stable layer decreases to 1 km (500-1,500 m; Figure 12a ) and the layer with the negative background wind in the wave propagation direction becomes shallow (Figure 12b ). In the TER-A that the terrain over the land is raised by 500 m, the wave pattern over the land becomes weaker with a smaller horizontal wavelength, but it remains evident over the ocean with a larger horizontal wavelength (Figures 13a, 14a, and 14b ). In the TER-B that the surface elevations of the ocean and land are both raised by 500 m, the wave features over the land and ocean are both not as evident with a smaller horizontal wavelength than the control run. Furthermore, we examine the wave duct theory in the TER-B run using equation (4.4). Given D is 1 km and the averaged N m in the stable layer is 0.018 s −1 (Figure 12a ), the calculated intrinsic wave speed is 11.5 m/s for the primary mode (n = 0).
Therefore, the calculated ground-relative wave speed is 11.5 m/s under mean background wind of 0 m/s (Figure 12b ), which is also roughly consistent with the simulated ground-relative wave speed of 12 m/s (Figure 9b ). In addition, a thinner stable layer determines a shorter vertical and horizontal wavelength of gravity waves according to equations (4.5) and (4.7), which might thus affect the depth and horizontal spacing of convection. As shown in Figures 14b and 14c , the vertical scale (800-650 hPa) and horizontal spacing (10-20 km) of convection in the TER-A and TER-B runs are indeed 
Journal of Geophysical Research: Atmospheres smaller than those in the control run (900-600 hPa) as expected by the wave duct theory. The power spectrum in the TER-B (Figure 9b ) indicates the primary horizontal wavelength of~20 km and wave period of~30 min, which is different from the control run.
Therefore, in the present study, wave-ducting mechanism serves as an important mechanism of maintenance and also selects the wave modes. The next subsection will focus on how gravity waves interact with convection.
The Interactions of Convection and Waves
A popular theory explaining the interactions of convection and gravity waves is the wave-CISK hypothesis in which gravity wave can trigger and modulate convection, whereas convection maintains and amplifies the waves through a positive feedback process with latent heating. It is noted that the wave-CISK hypothesis has not been strictly proven, but some signatures and evidences can be examined to indicate the wave-convection interactions.
In the present study, the banded convective lines traveling synergistically with the waves (the maximum of upward motion; Figure 8 ) suggest the coupling of gravity waves and convection (Powers, 1997; Powers & Reed, 1993; Zhang et al., 2001 ). The strongest upward motion is concentrated around the critical level 
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( Figures 8a and 11b ), which differs from the pure linear ducting theory suggesting that wave-convection interactions might indeed play a key role in the present study.
In order to study the impact of latent heat in the convection on gravity waves in this case, two sensitivity experiments on latent heating (FakeDry-A and FakeDry-B) are conducted. If the latent heat is turned off at the beginning (1200 UTC, FakeDry-A), the simulated radar reflectivity of convection is not as large as in the control run (Figures 15a and 15b) . Especially, the wave pattern of convection almost disappeared in the FakeDry-A run. From the vertical structure of moisture and vertical motion in the FakeDry-A run (Figure 16a ), two layers of high water vapor mixing ratio occur at the 850-and 700-hPa levels, respectively. In the absence of latent heating, the condensation of water vapor is much smaller compared to the control run. Without the energy released from convective instability through condensational heating, convection cannot develop properly. Meanwhile, the wave pattern of the vertical motion at middle levels changes and becomes much weaker than that in the control run ( Figure 16a ).
Furthermore, in the FakeDry-B run, that the latent heat is turned off at 1800 UTC when the wavelike convection has been already generated (Figure 15c ), the banded precipitation lines still persist (Figure 15d ) but the wave features are not as evident as before (Figure 15c ) while the horizontal wavelength becomes smaller ( Figure 15d ). As shown in the vertical cross section of the FakeDry-B run (Figure 16b ), the shallower convection at around 850 hPa still retains some wave characteristics at 1900 UTC with a smaller horizontal wavelength (Figure 16b ). In the absence of latent heat after 1800 UTC, the development of moderately deep convection cannot be supported any more (Figure 16b ). The strongest upward motion occurs lower (around 800-700 hPa) than that in the control run, while the high cloud water mixing ratio is constrained below 600 hPa. Nevertheless, shallower clouds can still be generated under the effect of ducted gravity waves that has initiated before 1800 UTC which persist in the duct in an hour. Since the life cycle of shallow precipitation is shorter than that of moderately deep convection, the shorter wave period (30 min) may be selected as the primary mode; the smaller horizontal wavelength (20 km) is seen to be dominant in the FakeDry-B run based on equation (4.7). Therefore, the primary and secondary wave periods might be related to the life cycles of moderately deep convection and shallower convection, respectively. But how the life cycles of convection affect the wave periods and thus determine the horizontal wavelengths needs to be further investigated in the future.
Therefore, the two sensitivity experiments indicate a positive feedback process and interactions of convection and gravity waves through the latent heating. The latent heating from moist convection is an important energy source of the gravity waves that amplifies the waves, which is regarded as a wave-CISK mode (Koch et al., 1988; Powers, 1997; Zhang et al., 2001) . Although some signatures and evidence of the waveconvection interaction are presented in the current study, a more thorough and theoretical exploration of wave-convection interaction (wave-CISK) needs to be further investigated but is beyond the scope of the current study. 
Summary
In the present study, we use the Advanced Research Weather Research and Forecasting model with 1-km horizontal grid spacing to investigate the characteristics and mechanisms of an episode of banded convective activity associated with gravity waves near the south coast of China that occurred on 30 January 2018. Several northwest-southeast oriented convective bands were generated and maintained for nearly 10 hr over Guangdong Province in South China. They propagated northeastward at a speed of around 12 m/s with their main horizontal spacing distance of~50 km and exhibited apparent wave characteristics. The convection-allowing simulations can capture reasonably well the wavelike banded convection with a broadly similar horizontal wavelength (~40 km) and also associated atmospheric conditions, although the banding appears later and stronger than in the observations. The major findings are summarized as below.
1. Hovmöller diagrams and power spectrum analysis indicate that simulated gravity waves in the banded convective activity feature a similar wave phase speed of around 11.5 m/s compared to the observation. Two main simulated wavelengths exist, which are 40 km (primary) and 20 km (secondary) with the corresponding wave periods of 50 and 30 min, respectively. 2. In this case, a strong stable layer below 850 hPa is capped by a moist neutral stability layer within 850-600 hPa. Strong vertical shear occurs at low levels, and the northeasterly (southwesterly) winds prevail at low (middle) levels. A critical level, where the mean background wind in the southwest-northeast direction is equal to the wave phase speed (11.5 m/s), is embedded in the moist neutral stability layer. A shallow layer with Richardson number less than 1/4 surrounds the critical level. Such an environment supports a wave duct of gravity waves to maintain the energy in the duct based on the theory of Lindzen and Tung (1976) . 3. In the theory of wave ducting, the intrinsic wave speed is closely related to the strength and depth of the low-level stable layer ( in agreement with the simulated one (11.5 m/s). The horizontal wavelength might be associated with the life cycle of convection in addition to the stable layer. In the sensitivity experiment that the depth of stable layer is reduced, the wave speed and wavelength are still in line with the wave duct theory. 4. The strongest upward motion that is concentrated around the critical level traveled with convection synergistically, suggesting the interactions of convection and gravity waves. The wave features almost disappear when the latent heating is turned off in the sensitivity simulation. The latent heating from moist convection may amplify the ducted gravity waves and play a key role in the formation and maintenance of gravity waves.
It is found that wave ducting and wave-convection interaction (or called "wave-CISK hypothesis") co-existed in the present case. This ducted wave-CISK mode has been recognized by Powers and Reed (1993) , and Zhang et al. (2001) . The wave ducting mechanism is responsible for selecting the horizontal scale and speed of the wave modes that can be maintained and supported by the wave duct. The selected gravity waves can trigger and modulate convection, which in turn can maintain and strengthen the gravity waves through a positive feedback process that is consistent with the wave-CISK hypothesis (which to a certain degree is not strictly proven). The detailed interactions of two mechanisms and their relative importance is a very interesting issue that needs to be further addressed in the future. In addition, we found that the simulations of banded convection and associated gravity waves are highly sensitive to the initial conditions and spatial resolution (not shown). The ability to predict nonlinear phenomena such as studied here is challenging (e.g., Sun & Zhang, 2016; Zhang et al., 2007) , so further study is important for forecasting applications.
